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Injectivity decline due to injection of water with particles is a widespread phenomenon in
waterflood projects. It happens due to particle capture by rocks and consequent perme-
ability decline and also due to external cake formation on the sandface. Since offshore
production environments become ever more complex, particularly in deep water fields,
the risk associated with injectivity impairment due to injection of seawater or re-injection
of produced water may increase to the point that production by conventional waterflood
may cease to be viable. Therefore, it is becoming increasingly important to predict injec-
tivity evolution under such circumstances. The work develops a semi-analytical model for
injectivity impairment during a suspension injection for the case of filtration and forma-
tion damage coefficients being linear functions of retained particle concentration. The
model exhibits limited retained particle accumulation, while the traditional model with a
constant filtration coefficient predicts unlimited growth of retained particle concentration.
The developed model also predicts the well index stabilization after the decline
period. �DOI: 10.1115/1.4002242�

Keywords: injectivity, formation damage, analytical model, well index, deep bed
filtration

1 Introduction
Injectivity decline is widely spread during waterflooding. One

of the main reasons for the phenomenon is the capture of solid and
liquid particles from injected aqueous suspension �seawater, pro-
duced water, or any poor quality water� resulting in reduction of
permeability and of injection well index �1–4�. The reliable pre-
diction of injectivity index decline is important for the planning
and design of well fracturing, acidizing, and other well stimula-
tion techniques. It is also important for the design of water man-
agement strategy for waterflood projects.

Injection well behavior prediction under rock clogging due to
injection of the colloid/suspension of particles is based on the
mathematical modeling of particle transport in porous media �5,6�.

The main parameter determining kinetics of particle capture by
a porous matrix is the filtration coefficient, which is the ratio
between the particle retention rate and the module of the particle
flux �6�. The filtration coefficient is a probability for particles to
be captured during its transport over the unity distance. Depen-
dency of the filtration coefficient on the retained particle concen-
tration is called the filtration function. Its form highly affects the
injectivity decline.

Different forms of filtration function have been presented in the
literature �6,7�. The constant filtration coefficient corresponds to
low retained concentrations, i.e., to the beginning of the well im-
pairment process. The linear filtration function �the so called
blocking function� corresponds to Langmuir particle deposition,
where the retention rate is proportional to the number of vacant
sites in the porous space and the matrix surface. The blocking
filtration function is realized under intermediate retained concen-
trations �2,8�. Different nonlinear shaped filtration functions have
been observed for highly clogged rocks �7,8�.

Analytical models for deep bed filtration have been presented
for the case of constant filtration and formation damage coeffi-
cients for both linear flow geometry �laboratory corefloods� and
axisymmetric flow �flow around the vertical well� �6,9,10�. The
models exhibit unlimited growth of retained particle accumula-
tion, which is physically unrealistic. Nevertheless, either coreflood
or well data show the stabilized permeability with time. The ana-
lytical model for coreflood with blocking filtration function also
exhibits the stabilized injectivity index �6,11,12�.

In the current work, a semi-analytical model for axisymmetric
flow around the vertical well is developed for a blocking filtration
function. The particle capture stops after reaching the maximum
�critical� value by the retained concentration in each point of the
drainage volume. The injectivity index stabilizes when the re-
tained concentration grows up to the critical value in a well neigh-
borhood.

The structure of the paper is as follows. First, we describe the
mathematical model for suspension filtration and rock clogging
under Langmuir particle retention. Then, we discuss a semi-
analytical model for axisymmetric flow with detailed derivations.
Afterward, the results of impedance prediction with a sensitivity
analysis are presented.

2 Mathematical Model for Deep Bed Filtration
During seawater injection, mainly solid particles penetrate into

the reservoir; their retention in rock results in permeability decline
and a consequent decrease in well injectivity index. Oily water
injection during produced water re-injection �PWRI� also results
in injectivity impairment.

Deep bed filtration with similar modeling challenges occurs
during drilling fluid invasion into formation with consequent per-
meability damage �13–15�. It also occurs during produced water
disposal in aquifers �16,17�.

It is assumed that all injected particles have the same filtration
properties, allowing us to introduce the overall suspended and
retained particle concentrations. Figure 1 shows the suspension

Contributed by the Petroleum Division of ASME for publication in the JOURNAL OF

ENERGY RESOURCES TECHNOLOGY. Manuscript received January 1, 2009; final manu-
script received June 7, 2009; published online xxxxx-xxxxx-xxxxx. Assoc. Editor:
Desheng Zhou.

19
20
21
22
23
24
25
26
27
28
29
30
31
32

33
34

1

2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

AQ:
#1

32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53

54

55
56
57
58
59
60
61
62
63
64
65
66

Journal of Energy Resources Technology SEPTEMBER 2010, Vol. 132 / 1-1Copyright © 2010 by ASME

PROOF COPY [JERT-09-1001] 013003JRG



PROOF COPY [JERT-09-1001] 013003JRG

PRO
O

F CO
PY [JERT-09-1001] 013003JRG

concentration c of moving particles and the concentration � of
particles attached to grain surfaces and captured in thin throats by
size exclusion.

Following Refs. �4,6,18,19�, let us describe the mathematical
model for flow of suspensions in porous media in the axisymmet-
ric geometry of vertical wells.

The conservation of suspended and retained particles in porous
media is

�
�c

�t
+

q

2�rh

�c

�r
= −

��

�t
�1�

It is assumed that water is incompressible, and particle retention
by rock does not change the total volume of the system “water
particles.” It results in the conservation of the flux q.

Classical filtration theory assumes that the retention rate is pro-
portional to the particle advective flux cU, i.e., increase in either
suspended concentration or velocity in number of times results in
the same number of times increase in the number of particles,
which are transported to vacancies in rocks per unit of time. The
proportionality coefficient � depends on � and is called the filtra-
tion function ����,

��

�t
= ����c

q

2�rh
�2�

We assume that the capture rate is also proportional to the num-
ber of vacancies �Langmuir’s hypothesis�. If A is a specific rock
surface and b is an “individual” area on the grain surface engaged
by one retained particle, the vacancy concentration is proportional
to the free vacant surface, which equals A−b� �Fig. 1�.

Finally, the retention rate is proportional to

�A − b��cU

Introducing the proportionality coefficient yields the kinetic
equation for retention rate,

��

�t
= �0�1 −

�

�m
�c

q

2�rh
�3�

The comparison between Eqs. �2� and �3� shows that the filtra-
tion function in Eq. �3� is linear with respect to retention concen-
tration,

���� = ��0�1 −
�

�m
� , � � �m

0, � � �m
�

If linear dependency in Eq. �3� for ���� holds for the whole
interval of retention concentration variation, the maximum of re-
tention concentration �m corresponds to the case where the overall
vacant grain surface is filled by particles; i.e., �m is proportional
to the initial number of vacancies. If ���� is linear just for some
initial interval of � and becomes nonlinear for larger values of
retained concentration, �m is just a coefficient in the equation for
a straight line without any specific physics meaning.

So, the retention rate is characterized by two constants—by the
initial filtration coefficient �0 and by the maximum retention con-
centration �m. Parameters �0 and �m depend on the salinity and
pH of the injected water, on the mineral composition of grains, on
particle size, on its wettability, on temperature, etc.; i.e., two con-
stants are determined by the rock and the injected fluid.

If the retention concentration is negligibly smaller than the ini-
tial concentration of vacancies, the retained particles do not affect
the vacancy concentration and do not change the retention condi-
tions, and the filtration function is constant. Formally, it corre-
sponds to an infinite value of the maximum retention concentra-
tion �m.

So called collective effects of particle interaction at high con-
centrations lead to the nonlinear filtration coefficient �=����. Its
form depends on brine salinity, pH, electric DLVO forces, etc.
�20–22�.

Particle retention results in permeability decrease; i.e., perme-
ability is � dependent:

q

2�rh
= −

k0k���
�

�p

�r
�4�

k��� =
1

1 + ���1 + �2�/��
Different empirical formulas for permeability decrease with an

increase in retained concentration have been proposed in the lit-
erature �14,22–26�. Usually, a linear function of � in the denomi-
nator of Eq. �4� with �2=0 is used in the expression for formation
damage function k���, where � is called the formation damage
coefficient �9,10�.

A more general form of the denominator in Eq. �4� with non-
zero �2 is used in Ref. �24� to adjust coreflood injectivity impair-
ment data. The case of Eq. �4� corresponds to the linear function
of formation damage coefficient � versus retention concentration
�, which corresponds to a quadratic polynomial for reciprocal to
formation damage function k���. Further in the text, �2 is called
the second formation damage coefficient.

The coefficients � and �2 are empirical constants characterizing
formation damage; they depend on the rock and the injected sus-
pension properties.

Systems �1� and �2� consist of two equations for two
unknowns—c and �. For the injection of constant concentration
suspension into a clean bed, systems �1� and �3� are subject to the
following initial and boundary conditions:

t = 0:c = � = 0, r = rw:c = c0 �5�

The boundary condition �5� is set at the wellbore r=rw �Fig. 2�.
Introduce dimensionless coordinate and time

X =
r2

Rc
2 , tD =

qt

��hRc
2 �6�

Fig. 1 Suspended and retained particle concentrations in po-
rous space
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The dimensionless time with the pore volumes injected �p.v.i.�
unit is identical to that in waterflooding, while the linear coordi-
nate X is equal to the square of the dimensionless radius �26�. The
drainage radius is equal to the half-distance between injection and
production wells �Fig. 2�.

Substitution of Eq. �6� along with dimensionless concentra-
tions, pressure, and filtration function

C =
c

c0 , S =
�

�c0 , pD =
4�hk0p

q�
, 	�S� = ����Rc �7�

into systems �1�, �2�, and �4� yields

�C

�tD
+

�C

�X
= −

�S

�tD
�8�

�S

�tD
=

	�S�

2	X
C �9�

1 = −
X

�1 + ��c0S + �2��c0�2S2�
�pD

�X
�10�

Initial and boundary conditions �5� for dimensionless variables
�Eqs. �6� and �7�� take the form

tD = 0:C = S = 0 and X = XW = �rW/Rc�2:C = 1 �11�
Several analytical solutions of the problem �Eqs. �1�, �2�, and

�5�� have been reported in the literature �6�. A semi-analytical
solution for the clean bed injection problem �Eq. �5��, for the case
of filtration and formation damage coefficients linear with respect
to retention concentration, is presented in the next section.

While the initial-boundary problem �Eqs. �1�, �2�, and �11�� is
solved, pressure distribution along linear coordinate X during
flooding can be found from Eq. �4� by a direct integration of the
pressure gradient in X from the well radius Xw to the contour
radius Xc=1.

3 Semi-Analytical Model for Axisymmetric Deep Bed
Filtration

Let us derive a semi-analytical solution for the axisymmetric
�radial� problem of deep bed filtration for any arbitrary filtration
function ����.

Introduce potential


�S� =

0

S
ds

	�s�
�12�

From Eq. �9�, it follows that

C =
��2	X
�S��

�tD
�13�

Substituting Eq. �13� in Eq. �8� yields

�

�tD
� �

�tD
�2	X
�S��� +

�

�X
� �

�tD
�2	X
�S��� = −

�S

�tD
�14�

Changing the order of differentiation in the second term of Eq.
�14� results in

�

�tD
� �

�tD
�2	X
�S�� +

�

�X
�2	X
�S�� + S� = 0 �15�

The integration of Eq. �15� in tD accounting for initial condi-
tions �11� yields

�

�tD
�2	X
�S�� +

�

�X
�2	X
�S�� + S = � �

�tD
�2	X
�S��

+
�

�X
�2	X
�S�� + S�

tD=0

�16�

As it follows from initial conditions �11�, the right hand side of
Eq. �16� is equal to zero; i.e., Eq. �16� becomes

�

�tD
�2	X
�S�� +

�

�X
�2	X
�S�� + S = 0 �17�

So, the introduction of potential �12� results in decreasing of the
order of the partial differential equation of mass balance �8� by 1.

Performing differentiation in Eq. �17� accounting for Eq. �12�
results in

�S

�tD
+

�S

�X
= �−


�S�
	X

− S�	�S�

2	X
�18�

The obtained first order hyperbolic Eq. �18� can be solved by
method of characteristics.

Let us express first order partial differential Eq. �18� in charac-
teristic form,

�tD

�X
= 1 �19�

dS

dX
= �−


�S�
	X

− S�	�S�

2	X
�20�

From the boundary condition on the well �Eq. �11��, it follows
that for any moment tD�

2	Xw
�S� = tD� �21�

allowing expression of retained saturation on the wellbore

S�Xw,tD� � = 
−1� tD�

2	Xw
� �22�

Here, 
−1 is an inverse function to 
�S� �see Eq. �12��.
As it follows from Eq. �19�, the characteristic line crossing any

arbitrary point �X , tD� also crosses point �Xw , tD� � �see also Fig. 3�,

Fig. 2 Schematic for injected suspension propagation be-
tween injection and production well: „a… contour radius is equal
to half-distance between injector and producer; „b… profile of
suspension concentration is steady state behind the concen-
tration front; „c… gradual accumulation of retained particles be-
hind the concentration front
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tD� = tD − X + Xw �23�
It results in the Cauchy condition for the ordinary differential Eq.
�20�,

X = Xw:S = 
−1� tD − X + Xw

2	Xw
� �24�

Ordinary differential Eq. �20� subject to Cauchy condition �24�
can be solved numerically.

Ahead of the concentration front X�Xf = tD−Xw, suspended
and retained concentrations are equal to zero. The retained con-
centration is continuous along the front, S=0, while the suspen-
sion concentration suffers discontinuity. Substituting Eq. �9� into
Eq. �8� and accounting for zero retained concentration on the sus-
pended concentration shock, we obtain

�C

�tD
+

�C

�X
= −

	�0�

2	X
C �25�

Front X=Xw+ tD is a characteristic line, which allows us to
calculate suspended concentration behind the front from Eq. �25�,

C�Xf�tD�,tD� = exp�− 	�0��	Xf − 	Xw�� = exp�− 	�0��	Xw + tD

− 	Xw�� �26�
Consider the particular case of linear filtration coefficient:

	�S� = �0Rc�1 −
S

Sm
� �27�

The potential �12� is


�S� = −
Sm

�0Rc
ln�1 −

S

Sm
� �28�

Equation �20� and the Cauchy condition become

dS

dX
= � Sm

�0Rc
	X

ln�1 −
S

Sm
� − S��0Rc

2	X
�1 −

S

Sm
� �29�

X = Xw:S = Sm1 − exp�−
�0Rc

Sm

tD − X + Xw

2	Xw
�� �30�

The structure of the suspension flow zone is shown in Fig. 3.
Suspended and retained concentrations are equal to zero ahead of
the front, which moves with carrier water velocity. Suspended
concentration jumps from zero to the value of c−�rf , t� on the
front. The suspended concentration behind the front is found from
the condition on the characteristic line with �=0, which coincides
with the concentration front �26�:

c−�rf�t�,t� = c0 exp− ��0��	rw
2 +

qt

��h
− rw�� �31�

The retained concentration behind the front is given by the
solution of the first order ordinary differential Eq. �20�. For the
case of the linear filtration function �Eq. �27��, the solution is
given by formula �29�.

The solution S�X , tD� of the problem �Eqs. �29� and �30�� in the
behind-the-front region is obtained by the Runge–Kutta method.
The suspended concentration c�r , t� is obtained by Eq. �9� using
the retained concentration s�r , t�.

Figure 4 presents profiles of suspended and retained concentra-
tions, �a� and �b�, respectively, at five different moments. The
values of injectivity damage coefficients and other parameters are
obtained in Ref. �12� by the treatment of coreflood data �27�: �0
=10 m−1, �=100, �2=−1000, �m=0.025, c0=10 ppm, Rc
=500 m, rw=0.1 m, and h=30 m. The axes X for the profiles
extend from well X=Xw until the value that corresponds to r
=0.5 m.

The suspended concentration gradually increases with time in
each reservoir point for the calculated case of linear filtration co-
efficient. This behavior is typical of the declining filtration
coefficient—the outlet concentration after the breakthrough re-
mains constant for a constant filtration coefficient. Gradual accu-
mulation of retained concentration with time is shown in Fig. 4�b�.

The dimensionless pressure drop between injector and reservoir
�drawdown� is

J =
�P

�P0
= −

1

ln�Xw�

Xw

1

−
�pD

�X
dX �32�

Let us express pressure gradient via deposited concentration
from Eq. �10� and substitute it into Eq. �32�,

J�tD� = 1 −
��c0

ln�Xw�

Xw

1
S�X,tD�

X
dX −

�2��c0�2

ln�Xw� 

Xw

1
S2�X,tD�

X
dX

�33�
The well impedance �Eq. �33�� is obtained by numerical inte-

gration in X of expressions containing retained concentration dis-
tribution S�X , tD�, as calculated from Eqs. �29� and �30�.

4 Calculations of Well Injectivity Index
Let us show how to use formula �33� and the values of four

injectivity damage parameters �0, �m, �, and �2, as obtained by
the treatment of coreflood data �12�, for well injectivity decline
prediction.

The model for vertical well injectivity decline consists of non-
linear deep bed filtration equations for axisymmetric flow geom-
etry; see Eqs. �1�, �3�, and �4�. An exact semi-analytical solution
of the radial deep bed filtration problem �Eqs. �29� and �30�� al-
lows us to calculate well impedance versus time �Eq. �33��.

Figure 5 shows the sensitivity of the impedance curve with
respect to the second formation damage coefficient, while the fil-
tration coefficient is constant; i.e., �m tends to infinity. A 1 month
injection period in Fig. 5�a� corresponds to 6�10−3 p.v.i. in Fig.
5�b�. The default case corresponds to linear filtration with constant
filtration and formation damage coefficients, �0=10 m−1, �=50,
and �2=0. Curves 2 and 3 correspond to values of the second
formation damage coefficient �2=200 and �2=−200, respectively.
The �2-values are in the range of those obtained from coreflood
data �27�.

If compared with the default case with �2=0, adding the qua-
dratic term �2�2 with the positive �2 coefficient results in imped-
ance increase �curve 2�. Introduction of the quadratic term �2�2

with the negative �2 coefficient results in impedance decrease
�curve 3�. The impedance curve is concave for the case of the
positive second formation damage coefficient and is convex for
negative �2. The significant difference between the impedance

Fig. 3 Concentration front and characteristic line on the plane
„X , tD…
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curves with zero, positive, and negative �2 starts to appear after
2�10−3 p.v.i. �10 days�. The curves almost coincide before the
injection of 10−3 p.v.

After 1 month of injection, the injectivity index decreases 2.4
times for the constant formation damage coefficient ��2=0�. It
decreases 2.65 times for �2=200 and 2.15 times for �2=−200.

Let us discuss the effect of the nonconstant filtration coefficient
on impedance growth. Figure 6 presents impedance curves for
constant formation damage coefficients �=50 and �2=0. The ini-
tial filtration coefficient �0=10 m−1. Curves 1–5 correspond to
the following values for maximum retained concentration: infinity,
0.1, 0.05, 0.025, and 0.0015, respectively. So, the filtration func-
tion decreases in order of the curve number increase. The larger
the filtration function, the higher the retained particle concentra-
tion and the higher the impedance. Therefore, curves 1–5 follow
in the order of the impedance decrease.

Curve 1 is linear due to the constant filtration coefficient. Im-
pedance curves 2–5 stabilize with time; i.e., its time derivative
tends to zero when time tends to infinity. It is explained by reach-
ing the maximum retention concentration �m in each point around
the well. The higher the distance to the point from the injector, the
later the maximum retention concentration will be reached. There-
fore, curves 2–5 follow in order of decrease in the stabilization
time. The moments of impedance stabilization are 200 days, 106
days, 50 days, and 3 days, for curves 2–5, respectively.

Since the impedance function asymptotically reaches maximum

for retained concentration that is equal to the critical value �m,
from Eq. �33� follows formula for the maximum impedance,

J�t → � = 1 + ��m + �2�m
2 �34�

After the long-term injection, the injectivity index decreases
6.0, 3.5, 2.3, and 1.1 times for curves 2–5, respectively.

In offshore waterflood operations, the injectivity index stabili-
zation at some reduced value happens quite often �3,9,19�. The
usual explanation is well fracturing, where the fracture opens due
to high pressure near the injector because of reduced permeability;
it propagates into the formation during further permeability de-
cline and increase in hydraulic resistivity for leak-off. Another
explanation is erosion of external and internal filter cakes, where
the pressure gradient, increased due to permeability decline, drags
particles from cakes in situ porous media and on the inner well
surface.

Reaching the maximum retention concentration, where particle
capture by the rock does not happen anymore, is another explana-
tion of well injectivity index stabilization.

Let us compare the impedance growth curves for constant and
for linear filtration and formation damage functions. Straight line
1 in Fig. 7 corresponds to constant filtration and formation dam-
age coefficients: �0=10 m−1 and �=50. For curves 2–6, values of
�0 and � are the same as that for case 1.

The second formation damage coefficient for curve 2 is equal to
1000. For small retention concentrations at the beginning of in-

Fig. 4 Dynamics of „a… suspended and „b… retained concentration profiles dur-
ing suspension injection in vertical well
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Fig. 5 Effect of two formation damage coefficients � and �2 on well imped-
ance curve: „a… impedance versus real time; „b… impedance versus p.v.i.

Fig. 6 Sensitivity of impedance curve to variation in filtration function: imped-
ance versus p.v.i.
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jection, the values of filtration functions for cases 1 and 2 are
almost equal. Due to the high value of the second formation dam-
age coefficient for curve 2, it is located above the straight line 1
for small times. Curve 2 stabilizes with time, while the straight
line 1 grows unlimitedly. Therefore, at some moment, curve 2
intersects line 1 and tends to a constant value at large times.

Curve 3 has a lower maximum retention concentration value if
compared with curve 2. Therefore, curve 3 is located above line 1
and below curve 2 at small times. Curve 3 crosses line 1 and
stabilize faster than curve 2.

The value of maximum retention concentration for curve 5 is
lower than that for curve 3. Curve 5 is located above line 1 and
below the curve 3 at small times. Curve 5 crosses line 1 and
stabilize faster than curve 3.

Curves 2, 3, and 5 exhibit a monotonic growth. For positive
�-values and positive second formation damage coefficient, the
derivative of reciprocal to formation damage function k��� �see
Eq. �4��

��2�2 + �� + 1�� = 2�2� + � � 0

is always positive; i.e., the hydraulic resistance of retained par-
ticles increases during the deposition.

Curves 4 and 6 correspond to the negative second formation
damage coefficient �2=−1000. The derivative of the formation
damage function 2�2�+� is positive for low �-values, i.e., for
��−� /2�2 �Fig. 8�. For higher retention concentration values,

��−� /2�2, the derivative is negative; accumulation of retained
particles results in the reduction of hydraulic resistivity. This ef-
fect is physically unrealistic.

In case 4, �m=0.05, �2=−1000, and �=50; so, −� /2�2
=0.025, which is less than �m; i.e., the hydraulic resistivity in-
creases for retention concentration varying from zero to 0.025 and
decreases afterward for retention concentration varying from
0.025 to 0.05. Curve 4 decreases for ��0.025. This behavior is
unrealistic. The paradox is caused by approximation of the forma-
tion damage function by the quadratic polynomial based on
J-values for small retention concentrations �Fig. 8�. If the depen-
dency �=���� has a negative second derivative, its approximation
by the linear function �3� causes the high value for the maximum
retained concentration �Fig. 9�, resulting in inequality �m�
−� /2�2. In this case, the model with linear filtration coefficient
�3� is not valid.

For case 6, �m=0.025 and −� /2�2=0.025=�m. During an in-
crease in retention concentration from zero to �m, where � tends
to �m asymptotically, the hydraulic resistivity increases, which is
shown by the behavior of curve 6.

Figure 10 presents injectivity index decline for the cases dis-
cussed in Fig. 7. The declined form of injectivity index versus
time does allow distinguishing linear and nonlinear well behavior,
while the impedance plot clearly shows a linear well behavior for
the case of constant injectivity damage coefficients and nonlinear

Fig. 7 Monotonic and nonmonotonic impedance curves

Fig. 8 Nonmonotonic behavior of reciprocal to formation dam-
age function due to linear interpolation of formation damage
coefficient

Fig. 9 Overestimated value of maximum retained concentra-
tion due to linear approximation of the filtration function
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curves for varying � and �. It shows the advantage to analyze
injectivity impairment in coordinates “impedance versus time.”

The proposed three-point-pressure method �12� can be imple-
mented into a simple, robust, and compact tool for applications in
on-site field conditions. Figure 11 shows the use of the tool at the
sea platform. Direct measurements data of the rate and of pres-
sures in three core points are treated by the computer program
with optimization algorithm minimizing the deviation between the
modeling and coreflood data. It allows us to determine the four
injectivity damage coefficients �0, �m, �, and �2 from coreflood
data. Then, the impedance and well index are recalculated for the
axisymmetric flow of a vertical well �Eq. �33�� and also for flow
geometries of horizontal, fractured, and perforated wells using the
analytical solutions for 3D flow problems �28�.

5 Conclusions
Injectivity decline due to rock clogging by the injected suspen-

sion with linear filtration and formation damage functions allows
for semi-analytical modeling.

The impedance for injectivity damage parameters that are linear
functions of the retained concentration monotonically increases
and asymptotically tends to a limit constant, while the impedance
for constant injectivity damage parameters linearly grows with
time.

The injectivity index stabilizes after the retained particle con-
centration reaches its maximum value in some neighborhood of
the injector.

The well behavior for constant injectivity damage parameters
can be distinguished from that for linear function parameters by
increasing impedance curves, not by declining well index curves.
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Nomenclature

Latin Letters
A � specific rock surface, �L�2

b � area on grain surface filled by one retained
particle, �L�2

c � suspension particle concentration
co � injected suspension concentration
h � formation thickness, �L�
II � injectivity index
J � impedance
k � permeability, �L�2

L � core length, �L�
p � pressure, �M��T�−2�L�−1

r � radius, �L�
Rc � drainage �contour� radius, �L�
q � injection rate, �L3 /T�
t � time, �T�

U � Darcy velocity, �L��T�−1

x � coordinate in linear geometry, �L�
X � dimensionless coordinate in radial geometry

Greek Letters
� � formation damage coefficient

�2 � formation damage coefficient
� � filtration coefficient �L�−1

�0 � value of filtration coefficient for �=0, �L�−1

Fig. 10 Injectivity decline analysis using well index curves

Fig. 11 Using the three-point-pressure tool at sea platform
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� � viscosity of water, �M��T�−1�L�−1

� � deposited particle concentration

 � porosity

 � potential

Superscripts/Subscripts
0 � initial
f � front

m � maximum
D � dimensionless
w � well
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